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Introduction 


Hexahydro-l,3,5-triiiitro-l,3?5“triazine  (RDX)  and  l,3,5,7-tetranitro-l,395,7“ 
tetrazocine  (HMX)  are  widely  used  military  high  explosives.  Past  manufactur¬ 
ing,  loading,  assembling,  and  packing  operations  of  these  compounds  have 
resulted  in  soil  and  groundwater  contamination  (Layton  et  al.  1987).  For 
example,  Spalding  and  Fulton  (1988)  found  an  extensive  groundwater  plume  of 
RDX  in  association  with  past  activities  conducted  at  Cornhusker  Army 
Ammunition  Plant.  Off-post  groundwater  concentrations  greater  then  35  /^g/L 
have  been  reported  (Hansen  et  al.  1984). 

RDX  is  toxic  to  aquatic  organisms  including  algae,  some  invertebrates,  and 
fish  (Etnier  1986;  Burton  and  Turley  1995).  Cataldo  et  al.  (1990)  found  RDX  to 
be  more  mobile  and  plant  available  than  related  munitions  such  as  TNT.  RDX  is 
also  toxic  to  rodents  (Merck  and  Co.  1983)  and  is  detrimental  to  reproduction  in 
rats  (Cholakis  et  al.  1980).  Transformation  of  RDX  to  mononitroso,  dinitroso, 
and  trinitroso  derivatives  under  anaerobic  conditions  has  been  reported 
(McCormick,  Cornell,  and  Kaplan  1984a;  Crawford  1995).  Under  anaerobic 
conditions,  80  percent  of  the  radioactivity  in  [C^"^]  RDX  was  mineralized  to 
^'^C02  (Sikka  et  al.  1980).  Resistance  to  aerobic  degradation  has  also  been 
reported  (McCormick,  Cornell,  and  Kaplan  1984a,  b;  Spanggord  et  al.  1980; 
Hoffsommer  et  al.  1978).  Little  or  no  soil  sorption  of  RDX  occurs  (Selim,  Xue, 
and  Iskandar  1995;  Sikka  et  al.  1980;  Leggett  1985;  Pennington  and  Patrick 
1990). 

Little  is  known  of  the  transformation  of  HMX.  Spanggord  et  al.  (1980) 
reported  formation  of  mononitroso,  dinitroso,  and  trinitroso  derivatives  of  HMX 
under  anaerobic  conditions.  McCormick,  Cornell,  and  Kaplan  (1984a,  b)  found 
HMX  to  be  persistent  under  aerobic  conditions,  but  observed  transformation 
under  anaerobic  conditions.  Little  evidence  for  aerobic  degradation  of  HMX 
was  reported  from  soil  column  studies  (Green,  Kaplan,  and  Kaplan  1985). 

In  order  to  fully  evaluate  problems  with  release  into  soils  and  the  aquatic 
environment,  an  understanding  of  the  mobility,  persistence,  and  transformation 
of  RDX  and  HMX  is  required.  The  objective  of  this  study  was  to  determine  the 
effects  of  redox  potential  (Eh)  and  pH  on  RDX  and  HMX  transformation  in  soil. 
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2  Materials  and  Methods 


Soil  Preparation 

The  study  used  a  predominantly  clay  (49  percent)  agricultural  surface  soil 
from  the  Mississippi  River  floodplain.  The  soil  was  classified  as  very  fine, 
montmorillonite,  nonacid,  thermic  Vertic  Haplaquept  (U.S.  Soil  Conservation 
Service  classification)  and  designated  Yokena  Clay.  The  soil  was  air-dried, 
ground,  and  sieved  through  a  2-mm  sieve  before  storing  at  room  temperature. 


Eh/pH  Incubations 

Tests  were  conducted  in  2,800-ml  Fernbach  flasks.  Organic  matter 
(0.5  percent  w/w)  obtained  from  the  Atchafalaya  Basin,  Louisiana,  was  added  as 
an  energy  source  to  increase  the  rate  of  reduction  in  the  soil  by  the  native 
microbial  community.  Sufficient  distilled  deionized  water  was  added  to  the 
flasks  to  produce  a  water-to-solids  ratio  of  18:1  (150  g  oven  dry  weight  soil  in 
2,600  ml  water).  The  water-soil  slurries  were  kept  in  suspension  by  magnetic 
stirring  and  were  maintained  at  room  temperature  that  averaged  30.5  +  1.02  °C. 

Control  of  Eh  and  pH  in  the  slurries  was  maintained  using  the  methods 
developed  by  Patrick,  Williams,  and  Moraghan  (1973)  with  some  modifications 
(Brannon  1983).  The  Eh  was  monitored  by  platinum  and  Ag-AgCl  electrodes 
connected  to  a  pH-millivolt  meter  (Beckman  Instruments,  Fullerton,  CA) 

(Figure  1).  Eh  was  set  on  a  meter  relay  (Currier  and  Roser,  New  Orleans,  LA), 
which,  by  activating  an  aquarium  air  pump  when  the  set  point  was  reached, 
prevented  the  Eh  from  falling  below  the  preset  value.  When  the  suspension  was 
oxidized  to  the  set  Eh,  the  meter  relay  automatically  switched  off  the  air  pump. 
To  help  maintain  anaerobic  conditions,  nitrogen  gas  was  flushed  through  the 
system  at  a  rate  of  approximately  15  ml/min.  System  pH  was  monitored  using  a 
combination  pH  electrode  connected  to  a  separate  pH-millivolt  meter.  A  set 
slurry  pH  was  maintained  by  injecting  1.0  N  HCl  or  NaOH  via  a  syringe  through 
a  serum  cap.  The  soil  suspensions  were  allowed  to  incubate  and  stabilize  for  1 
to  2  weeks  before  addition  of  RDX  or  HMX. 
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The  study  consisted  of  triplicate  tests  at  three  Eh  levels,  +500  (oxidizing), 
+250  (moderately  reducing),  and  -150  mV  (highly  reduced),  and  four  pH  values, 
5.0,  6.0,  7.0,  and  8.0.  After  stabilization,  one  milliliter  of  acetone  containing 
2.6  mg  RDX  or  HMX  (equivalent  to  10  mg/L)  was  added.  All  flasks  were 
covered  with  aluminum  foil  prior  to  spiking  to  prevent  photodecomposition  of 
the  added  compounds.  For  RDX  treatments,  slurry  samples  were  withdrawn  at 
15  min,  1,  3,  6, 10,  and  15  days  after  addition  of  26  mg  RDX.  For  HMX 
treatments,  samples  were  taken  at  15  min,  2,  7, 12, 16,  and  21  days  after  addition 
of  26  mg  HMX.  Samples  were  centrifuged  at  1,000  RCF  for  30  min.  For  RDX 
treatments,  the  aqueous  phase  was  analyzed  for  RDX  and  its  transformation 
products  including  the  mononitroso,  dinitroso,  and  trinitroso  derivatives  and  for 
the  coproduction  product  HMX.  For  HMX  treatments,  the  aqueous  phase  was 
analyzed  for  HMX  and  its  mononitro  derivative  (MN-HMX).  Analyses  were 
performed  according  to  EPA  SW-846  Method  8330  (U.S.  Environmental 
Protection  Agency  (EPA)  1990).  At  the  end  of  the  experiment,  both  aqueous  and 
soil  phases  were  analyzed.  Due  to  limited  changes  in  aqueous  phase 
concentrations  of  HMX  in  RDX  treatments  over  time,  the  incubation  time  for 
HMX  treatments  was  increased  to  21  days.  The  soil  phases  were  analyzed  for 
the  same  parameters  as  the  aqueous  phases. 


Mass  Balance  of  [^^C]  RDX 

Mass  balance  of  RDX  was  determined  using  uniformly  ring-labeled 
[^‘‘CJRDX  (New  England  Nuclear  Research  Products,  Boston,  MA).  Tests  were 
run  in  triplicate  at  +500,  +250,  and  -150  mV  at  pH  5,  7,  and  8.  A  bubble  trap 
containing  1  N  KOH  was  attached  to  each  flask  to  trap  CO2.  The  total 
incubation  period  was  15  days.  The  KOH  traps  were  sampled  daily,  and  the 
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water  and  soil  were  sampled  on  Day  15.  Radio-activity  in  the  aqueous  phase  and 
in  CO2  traps  was  determined  by  counting  1  ml  of  water  or  KOH  in  15  ml  Ultima 
Gold  Liquid  Scintillation  Cocktail  (Packard  Instruments,  Meridan,  CT)  on  a 
Packard  Tricarb  2500  TR  Liquid  Scintillation  (LS)  Counter  (Packard 
Instruments,  Meridan,  CT).  The  soil  was  analyzed  for  radioactivity  by  complete 
combustion  in  a  Model  307  Packard  Sample  Oxidizer  (Packard  Instruments, 
Meridan,  CT).  Radiolabeled  CO2  was  trapped  in  Carbo-Sorb  and  Permafluor 
Liquid  Scintillation  Cocktail  (Packard  Instruments,  Meridan,  CT)  and  assayed  by 
LS. 
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3  Results  and  Discussion 


Effects  of  Eh  and  pH  on  RDX 

At  all  pH  levels  in  the  +500-  and  +250-mV  Eh  treatments,  RDX  mass  was 
relatively  stable  over  time,  with  the  exception  of  the  pH  8,  +250-mV  treatment, 
where  a  marked  concentration  decrease  was  noted  on  Day  15  (Figure  2),  RDX 
concentrations  decreased  over  time  in  all  -150-mV  treatments,  but  never  com¬ 
pletely  disappeared  from  solution  (Figure  2).  Results  of  soil  analyses  were 
consistent  with  results  for  the  aqueous  phase,  in  that  the  ratios  of  concentrations 
in  oxidized  to  reduced  treatments  were  similar  (Figure  3).  However,  approxi¬ 
mately  8:1  of  the  RDX  was  recovered  from  the  aqueous  phase.  Similar  results 
have  been  reported  for  groundwater  (Spaulding  and  Fulton  1988),  river  systems 
(Spanggord  et  al.  1980),  and  activated  sludge  (Hoffsommer  et  al.  1978).  Under 
anaerobic  conditions  (-150  mV),  RDX  removal  (aqueous  plus  soil)  removal  from 
the  slurries  (soil  plus  water)  was  observed  over  the  entire  pH  range  (5-8) 

(Figure  4).  The  highest  apparent  removal  occurred  at  pH  7,  in  agreement  with 
Crawford  (1995),  who  found  that  pH  6.5  to  7.0  and  redox  potentials  between 
“100  and  -300  mV  were  optimum  for  RDX  removal.  To  determine  if  Eh/pH 
conditions  affected  sorption  of  RDX,  single-point  distribution  coefficients  (Kd) 
for  each  Eh  and  pH  were  calculated  from  measured  aqueous  and  soil  RDX 
concentrations  on  Day  15,  where 

Kd  =  Q(t)IC(t)  (1) 

where 

Q  =  soil  concentration  (mg/kg)  at  sampling  time  (t) 

C  =  aqueous  concentration  (mg/L)  at  sampling  time  (t) 

Kds  were  lowest  under  highly  anaerobic  conditions,  specifically  at  pH  5,  6,  and 
7,  indicating  decreased  soil  sorption  under  anaerobic  conditions  (Table  1). 
Effects  of  pH  on  sorption  were  noted  in  the  +250-mV  test  where  sorption  at  pH  8 
exceeded  that  observed  at  lower  pH  values  by  a  factor  of  9.2.  Under  moderately 
reducing  conditions,  sorption  was  highest  at  pH  8.  Under  highly  aerobic 
conditions,  pH  did  not  affect  sorption. 
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Figure  2.  RDX  aqueous  concentrations  over  time  at  each  pH  level 


Figure  3.  Mass  of  RDX  remaining  (aqueous  and  soil  phases)  15  days  after 
addition  of  26  mg  RDX 
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Figure  4.  Total  mass  of  RDX  remaining  (aqueous  plus  soil)  15  days  after 


addition  of  26  mg  RDX  at  various  Eh  and  pH  values 


Table  1 

Mean  Kds  (L/kg)  (standard  error)  for  RDX  on  Day  15 


pH  +500  mV  +250  mV  I -150  mV 


5 

2.25  (0.19) 

2.35  (0.59) 

1.14(0.08) 

6 

2.52  (0.22) 

2.46  (0.21) 

0 

7 

2.46(0.17) 

2.73  (0.25) 

0.76 

8 

2.01  (0.09) 

23.1  (3.0) 

2.51  (2.0) 

Processes  that  remove  RDX  from  solution  can  be  expressed  with  pseudo  first- 
order  kinetics  which  take  the  form 

dddt  =  -kc  (2) 

where 

c  =  chemical  concentration  of  reacting  substance 
k  =  pseudo  first-order  reaction  constant 
t  =  time 
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Alternatively,  a  pseudo  first-order  kinetic  model  may  be  expressed  as 

In  (c„  /c)  =  kt  (3) 

where  is  the  initial  (t  =  0)  concentration  of  the  reacting  substance.  Once  a 
value  of  k  is  obtained,  the  half-life  period  of  the  reacting  substance  can  be 
calculated  using  the  equation  (Fair,  Geyer,  and  Okun  1968) 

A;  =  0.693/11/2  (4) 

To  quantify  the  rates  of  disappearance,  RDX  concentrations  were  fit  to  the 
pseudo  first-order  kinetic  equation.  The  RDX  removal  rate  from  solution  was 
much  faster  at  -150  mV  than  at  +500  mV  or  +250  mV  (Table  2).  The  rate 
coefficients  (k)  for  the  highly  anaerobic  systems  were  substantially  higher, 
ranging  from  0.12  at  pH  5  and  6  to  0.24  at  pH  7  as  compared  with  0  to  0.008  in 
the  +500-  and  +250-mV  tests  (Table  2).  Half  lives  (1^/^  for  RDX  were  less  than 
6  hr  for  the  -150-mV  tests  compared  with  >  77  hr  for  the  +500-  and  +250-mV 
tests  (Table  2). 


Table  2 

Regression  Coefficient  (/^,  First-Order  Rate  Coefficient  and 

Half  Life  for  RDX  at  Each  Eh/pH  Treatment 

pH  /* 

k,hr’ 

hr 

||  +500  mV  1 

5 

0.002 

NS’ 

NS 

6 

0.75 

0.007 

99 

7 

0.16 

NS 

NS 

8 

0.40 

NS 

NS 

II  +250  mV  1 

5 

0.09 

NS 

NS 

6 

0.66 

0.008 

77 

7 

0.0008 

NS 

NS 

8 

0.58 

NS 

NS 

II  -150  mV  1 

5 

0.96 

0.12 

6.0 

6 

0.85 

0.12 

5.7 

7 

0.99 

0.24 

2.9 

8 

0.97 

0.17 

4.1 

^  NS  indicates  rate  constant  was  not  significantly  (p  <  0.05)  different  from  zero.  | 

The  RDX  transformation  product,  MNX,  appeared  in  all  treatments. 

Aqueous  concentrations  generally  increased  over  time  in  the  +500-  and  +250- 
mV  tests  (Figure  5).  By  Day  15,  solution  concentrations  in  the  +500-mV  test 
ranged  from  0.07  mg/L  at  pH  8  to  0.14  mg/L  at  pH  7.  The  moderately  reducing 
(+250-mV)  test  results  showed  an  increase  in  MNX  concentrations  over  time  in 
the  pH  6,  7,  and  8  treatments  to  approximately  0.1  mg/L  and  a  disappearance  of 
MNX  in  solution  by  Day  15  in  the  pH  5  tests.  The  disappearance  of  MNX  in  the 
+250-mV  tests  was  accompanied  by  the  appearance  of  0.058  mg/L  DNX  and 
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Concentration,  mg/I  Concentration,  mg/I 


+500  mV 


Figure  5.  MNX  aqueous  concentrations  over  time  at  each  pH/Eh  condition 
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0.018  mg/L  TNX  in  the  pH  8  tests.  This  marked  the  only  detection  of  DNX  and 
TNX  in  the  +500-mV  and  +250-mV  treatments. 

As  reported  by  McCormick,  Cornell,  and  Kaplan  (1984a),  the  disappearance 
of  RDX  in  the  -150-mV  test  was  accompanied  by  the  appearance  of  MNX, 

DNX,  and  TNX  derivatives  of  RDX  formed  by  sequential  reductions  of  the  nitro 
groups  to  nitroso  groups  (Figure  6).  MNX  appeared  in  solution  within  24  hr 
following  addition  of  RDX  with  a  corresponding  decrease  in  RDX 
concentrations.  Similarly,  DNX  and  TNX  solution  concentrations  increased  as 
MNX  concentrations  began  to  decrease  (Figure  6).  Peak  DNX  and  TNX 
aqueous  concentrations  occurred  in  the  pH  7,  -150-mV  tests  (0.24  and 
0.18  mg/L,  respectively). 

HMX,  a  homologue  and  coproduction  product  of  RDX,  was  also  present  in 
solution  during  the  entire  incubation  period.  Production  grade  RDX  generally 
contains  significant  amounts  of  HMX,  from  8  to  13  percent  (Rosenblatt  1981). 
The  RDX  used  for  the  Eh/pH  incubations  contained  12  percent  HMX.  HMX 
concentrations  in  solution  remained  relatively  stable  over  time  in  the  +500-  and 
+250-mV  tests,  but  decreased  over  time  in  the  -150-mV  tests  (Figure  7). 
Disappearance  of  HMX  was  slower  than  disappearance  of  RDX,  which  agrees 
with  results  reported  by  McCormick,  Cornell,  and  Kaplan  (1984a)  for  anaerobic 
sewage  sludge.  The  rate  coefficients  (k)  for  HMX  in  the  anaerobic  systems  were 
lower  (0.03  and  0.06)  than  for  the  anaerobic  systems  for  RDX  (0.12  to  0.24) 
(Table  3).  The  half  lives  for  HMX  ranged  from  11  and  22  hr  while  half  lives  for 
RDX  ranged  from  4.1  to  6  hr. 

Redox  potential  had  a  marked  effect  on  RDX  recovery.  RDX  was  relatively 
stable  at  +500  mV  for  all  pH  levels  (Figure  8).  At  +250  mV,  RDX  was  less 
stable,  particularly  at  pH  8,  where  only  16  percent  of  the  unlabeled  RDX  was 
recovered  from  the  water  and  soil  phases.  RDX  was  least  stable  at  -150  mV, 
where  only  1.7  percent  of  the  added  RDX  remained  in  the  pH  7  treatment 
following  15  days  of  incubation  (Figure  8).  These  results  indicate  that  RDX  is 
relatively  stable  in  the  systems  under  oxidizing  and  moderately  reducing 
conditions  at  pH  7  or  lower  and  unstable  in  highly  reduced  systems. 

McCormick,  Cornell,  and  Kaplan  (1984a)  observed  similar  results  in  nutrient 
broth  culture  studies  and  found  that  the  biotransformation  of  RDX  occurred  only 
under  anaerobic  conditions  with  no  activity  observed  under  aerobic  conditions. 


Mass  Balance  of  fC]  RDX 

Most  of  the  radioactivity  remained  in  the  aqueous  phase  of  the  soikwater 
slurries  except  in  the  -150  mV,  pH  7  tests,  where  80  percent  was  mineralized  as 
CO2  (Table  4).  Sikka  et  al.  (1980)  reported  similar  findings  in  sediment- 
amended  wastewater  reactors  where  the  evolution  of  ^‘‘COj  accounted  for 
80  percent  of  the  radiolabeled  carbon  in  the  tests. 
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Figure  6.  RDX  and  its  transformation  products  in  solution  at  each  pH  over  time  at  -150  mV 


Concentration,  mg/I  Concentration,  mg/1  Concentration,  mg/I 
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1 50  mV 


-1 - 1 - 1 - 1 - 1 - 1  r  T  I 

O  2  4  6  8  10  12  14  16 

Sample  Time,  days 


Figure  7.  HMX  aqueous  concentrations  over  time  at  each  pH/Eh  condition  in  RDX  test 
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Table  3 

Regression  Coefficient  (/^,  First-Order  Rate  Coefficient  (Kf,  and 
Half  Life  for  HMX  in  RDX  Test  at  Each  Eh/pH  Treatment 


pH  k,  hr^  tyz,  hr 


+500  mV 


5 

0.004 

NS' 

NS 

6 

0.04 

NS 

NS 

7 

0.46 

NS 

NS 

8 

0.59 

NS 

NS 

+250  mv 


5 

0.10 

NS 

NS 

6 

0.03 

NS 

NS 

7 

0.39 

NS 

NS 

8 

0.0006 

NS 

NS 

-150  mV 


5 

0.44 

NS 

NS 

6 

0.91 

0.03 

22 

7 

0.98 

0.06 

11 

8 

0.04 

NS 

NS 

^  NS  indicates  that  the  rate  constant  was  not  significantly  (p  <  0.05)  different  from  zero. 


Table  4 

Percent  Recoveries  of  Radioactivity  in  Each  Phase  of  the  [^^C]  RDX  Mass  Baiance 
Studies 


+500  mV  -150  mV 


pH 

Soil 

Water 

KOH 

Total 

Soil 

Water 

KOH 

Total 

5 

25.7 

64.8 

2.87 

93.4 

15.0 

50.6 

18.1 

83.7 

7 

7.03 

87.8 

5.35 

100.2 

3.19 

14.3 

80.1 

97.6 

8 

19.9 

68.4 

2.74 

91 .0 

19.9 

46.4 

17.6 

83.9 

Mineralization  was  higher  in  the  pH  5  and  8  reactors  under  anaerobic 
conditions  (~18  percent)  compared  with  mineralization  in  the  oxidized  reactors 
under  the  same  pH  conditions  (~  3  percent).  Mineralization  rates  were  higher 
under  anaerobic  conditions  compared  with  aerobic  conditions,  regardless  of  pH 
(Figure  9).  The  rate  of  anaerobic  mineralization  was  highest  at  pH  7 
(19.6  /ig/day). 
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RDX 


Effects  of  Eh  and  pH  on  HMX 

HMX  aqueous  concentrations  were  relatively  stable  over  time  with  the 
exception  of  the  pH  6  and  7,  -ISO-mV  tests  in  which  HMX  concentrations 
decreased  over  time  (Figure  10).  These  results  reveal  trends  similar  to  those  for 
HMX  that  co-occurred  with  RDX  treatments.  A  first-order  kinetic  equation  was 
used  to  describe  the  rate  of  HMX  disappearance.  HMX  removal  from  pH  6  and 
7  solutions  was  more  rapid  in  the  -150-mV  than  in  the  +500-mV  test  (Table  5). 
The  HMX  removal  rate  in  the  +250-mV,  pH  7  treatment  approximated  that  in  the 
-150-mV  tests  (Table  5). 

Eh  and  pH  affected  HMX  sorption  characteristics  (Figure  11).  At  pH  8  in  the 
+500-mV  tests,  less  HMX  was  in  solution  than  at  pH  5,  6,  and  7.  HMX  soil 
concentrations  in  the  pH  8  test  (10.2  mg)  were  also  higher  than  the 
concentrations  in  the  pH  5,  6,  and  7  treatments  (Figure  11).  Single-point 
distribution  coefficients  {Kd)  for  each  Eh  and  pH  were  calculated  from  measured 
aqueous  and  soil  HMX  concentrations  on  Day  21.  Kds  were  lowest  under  highly 
anaerobic  conditions  at  all  pH  levels  indicating  decreased  soil  sorption  under 
anaerobic  conditions  (Table  6).  Effects  of  pH  on  sorption  were  noted  only  in  the 
+500-mV  treatment,  where  sorption  at  pH  8  exceeded  that  observed  at  lower  pH 
by  a  factor  of  approximately  8.  These  results  indicate  that  HMX  sorption  will  be 
lowest  under  highly  reduced  conditions.  Under  highly  aerobic  conditions, 
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Figure  1 0.  HMX  aqueous  concentrations  over  time  at  each  pH  ievei 


Table  5 

Regression  Coefficient  (r^,  First-Order  Rate  Coefficient  {k^,  and 

Half  Life  {ty^  for  HMX  at  Each  Eh/pH  Treatment 

pH 

k,  hr^ 

fi/2j  hr 

+500  mV 

5 

0.66 

0.0005 

1,386 

6 

0.76 

0.005 

139 

7 

0.53 

NS' 

NS 

8 

0.002 

NS 

NS 

+250  mv 

5 

0.75 

0.04 

17.3 

6 

0.21 

NS 

NS 

7 

0.55 

NS 

NS 

8 

0.46 

NS 

NS 

-150  mV 

5 

0.006 

NS 

NS 

6 

0.99 

0.05 

15.4 

7 

0.95 

0.02 

30.1 

8 

0.0008 

NS 

NS 

^  NS  indicates  that  the  rate  constant  was  not  significantly  (p  <  0.05)  different  from  zero. 

sorption  was  highest  at  pH  8.  Moderately  reducing  conditions  result  in  the 
highest  adsorption  of  HMX  by  soil  over  a  wide  range  of  pHs. 

Redox  potential  and  pH  significantly  affected  HMX  stability.  HMX  was 
relatively  stable  under  most  Eh/pH  conditions.  HMX  was  most  stable  at 
+500  mV,  pH  6  with  96  percent  of  the  added  HMX  remaining  in  the  system. 
HMX  was  least  stable  in  the  -150-mV  test  at  pH  6  where  25  percent  remained  in 
the  system  (Figure  12),  mirroring  results  observed  in  culture  studies 
(McCormick,  Cornell,  and  Kaplan  1984a).  These  results  indicate  that  HMX  in 
soil  is  relatively  stable  under  a  wide  variety  of  redox  and  pH  conditions  and  least 
stable  under  highly  reducing  conditions  at  pH  6. 

Production  of  the  transformation  product  MN-HMX  was  strongly  related  to 
redox  potential  (Figure  13).  The  -150-mV  pH  6  and  8  treatments  showed  the 
highest  aqueous  concentration  by  Day  21  of  sampling.  These  results  are 
consistent  with  those  of  McCormick,  Cornell,  and  Kaplan  (1984a),  who  saw  only 
negligible  HMX  transformation  under  aerobic  conditions.  McCormick,  Cornell, 
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Soil 


Water 


Figure  1 1 .  Mass  of  HMX  remaining  (aqueous  and  soil  phases)  21  days  after 
addition  of  HMX  at  various  Eh  and  pH  conditions 
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Table  6 

Mean  Kds  (L/kg)  (standard  error  (n  =  3))  for  Day  21  HMX  Water  and 
Soil  Concentrations 

pH 

+500  mV 

+250  mV 

-150  mV 

5 

6.13  (0.42) 

16.7  (5.6) 

1 .80  (0.02) 

6 

4.32  (0.86) 

23.8  (8.2) 

1.25  (0.28) 

7 

10.1  (0.84) 

19.8  (1.7) 

4.41  (2.4) 

8 

37.7  (2.8) 

20.0  (4.0) 

1.97  (0.16) 

%  Recovery  of  HMX 


pH 


Figure  12.  Percent  recovery  of  HMX  (aqueous  plus  soil)  21  days  after  addition 
of  HMX 


and  Kaplan  (1984b)  found  that  HMX  persisted  in  activated  sludge  except  under 
anaerobic  conditions  where  reduction  to  mononitroso,  dinitroso,  and  trinitroso 
derivatives  occurred.  Soil  concentrations  of  MN-HMX  were  also  highest  in  the 
-150-mV  system,  reaching  a  concentration  of  7.3  mg  in  the  pH  6  test  (Figure  13) 
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Figure  13.  Mass  of  MN-HMX  remaining  (aqueous  and  soil  phases)  21  days 
after  addition  of  26  mg  HMX  at  various  Eh  and  pH  conditions 
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4  Conclusions 


RDX  added  to  soils  was  least  stable  under  highly  reduced  conditions. 
Oxidizing  (+500-niV)  and  moderately  reducing  (+250-mV)  conditions  did  not 
significantly  affect  RDX  stability  except  at  the  higher  pH  level  of  8  at  +250  mV. 
The  pH  had  a  marked  effect  on  mineralization  in  the  anaerobic  reactors  with 
80  percent  of  the  radioactivity  recovered  as  at  pH  7  compared  with 

18  percent  at  pH  5  and  8.  Anaerobic  conditions  promoted  increased 
transformation  of  RDX  to  MNX.  RDX  sorption  was  affected  by  Eh  and  pH. 
Anaerobic  conditions  decreased  soil  sorption,  and  at  +250  mV,  sorption  was 
highest  at  pH  8. 

RDX  in  groundwater  moving  into  an  area  of  intense  reduction  would  not 
persist  under  normal  pH  conditions.  RDX  moving  into  moderately  reducing  or 
oxidizing  conditions  would  be  highly  mobile  and  persistent. 

HMX  added  to  soils  was  least  stable  under  highly  reducing  conditions, 
especially  at  pH  6.  Eh  and  pH  conditions  affected  the  sorption  characteristics  of 
HMX.  Highly  anaerobic  conditions  decreased  soil  sorption,  whereas  moderately 
reducing  conditions  promoted  sorption  at  all  pH  values.  Under  highly  oxidizing 
conditions,  a  high  pH  (pH  8)  increased  HMX  sorption.  Results  of  these 
investigations  imply  that  HMX  moving  into  groundwater  would  be  persistent 
except  when  under  highly  reducing  conditions  and  a  pH  near  6. 
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products  over  a  period  of  time.  Soils  were  analyzed  at  completion  of  the  test  incubations. 

Results  in  the  RDX  tests  showed  that  RDX  was  least  stable  under  highly  anaerobic  conditions  (-150  mV).  Oxidizing 
(+500  mV)  and  moderately  reducing  (+250  mV)  conditions  did  not  significantly  affect  RDX  stability.  Radiolabeled  RDX 
recovery  tests  showed  pH  to  have  a  marked  effect  on  mineralization  in  the  anaerobic  reactors.  At  pH  7,  80  percent  of  the 
radioactivity  was  recovered  as  ^^C02  as  compared  with  much  lower  percentages  at  pH  5  and  8. 
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13.  (Concluded). 


Results  in  the  HMX  tests  showed  that  HMX  was  least  stable  under  highly  reducing  conditions,  specifically  at  pH 
6.  Soil  sorption  of  HMX  was  affected  by  Eh  and  pH.  Decreased  HMX  sorption  occurred  under  highly  anaerobic 
conditions,  and  increased  sorption  occurred  under  highly  oxidizing  conditions,  especially  at  a  pH  of  8. 

The  data  obtained  in  this  study  indicate  that  RDX  in  groundwater  moving  into  an  area  of  intense  reduction  would 
not  persist  under  neutral  pH  conditions.  RDX  moving  into  areas  of  oxidizing  or  moderately  reducing  conditions 
would  be  mobile  and  persistent.  HMX  moving  into  groundwater  would  be  mobile  and  persistent  under  all  Eh  and 
pH  conditions  with  the  exception  of  highly  reducing  conditions  at  or  near  a  pH  of  6. 


